A wide range of techniques is available for the study of fluid flow through porous and fractured media. Whatever the technique, a physical model must first be defined and the corresponding constitutive laws formulated [1] .
The basic differential equations, as functions of space and time, are developed using laws of conservation and continuity. Solutions to these differential equations depend upon appropriate initial and boundary conditions. Much of the early work in fluid mechanics was accomplished through the use of rigorous mathematics for relatively simple initial and boundary conditions [2] [3] • However, fluid flow problems which defy closed-form solutions have to be solved by alternative methods. These methods can be divided into two classes--numerical and analog. Numerical methods, in general, replace the 2 continuous functions of flow with discretized functions.
Finite-difference methods [4] , finite-element methods [5] , and combinations thereof as well as boundary element methods [6] , are the three main digital techniques currently available. These techniques require the use of high-speed digital computers and the cost includes the expense of software development, computation time and input preparation. With proper numerical procedures, errors resulting from the discretization can be minimized or eliminated.
On the other hand, analogs, according to Irrnay [ 7] are "physical systems or mathematical models obeying partial differential equations with boundary conditions similar to those in the prototype ••• " Two systems are considered analogous if there is a one-to-one correspondence between different components and their behavior. Analogs could also be different scale representations of the same physical system, e.g., a sand-tank model which may be a scaled down version of an aquifer. However, analogs having different physical categories but obeying the same form of differential equations of continuity, are found to be more useful, e.g., the analogy between hydraulic and electrical flow.
There are two types of analog models: continuous and lumped. In the continuous model, the continuously distributed properties of the prototype are modeled by an equivalent medium which is also continuous in space.
In the lumped system, the continuously distributed properties of the prototype are modeled by an arrangement of interconnected discrete systems of another medium.
Portions of the lumped model thus represent corresponding portions of the prototype so that the model is an approximate representation of the prototype. 3 In general, the lumped model is convenient for representing anisotropy and heterogeneity. Time-dependent problems are usually solved by using lumped models.
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Examples of analogs are electrical [8) , thermal [9) , optical [10] and membrane [ 11] . The analog techniques have tended to lose their popularity because of the improvement in digital techniques and the availability of fast digital computers. However, certain types of analog systems can be competitive with digital systems in terms of cost and convenience.
Electrical Analogy of Hydraulic Flow
One of the popular analogs used for fluid flow through porous media is the electrical analog. The analogy stems from the similarity between Darcy's law for fluid flow through porous or fractured media [12] and Ohm's law for flow of electricity in a conducting medium. Symbolically, Darcy's law may be expressed as
where v is the velocity vector, h is the total head or potential and k is the hydraulic permeability matrix. For flow of current in a conducting medium,
where I is the current flow in amperes (analogous to the flow-rate); R is the electrical resistance and V is the voltage. For flow through isotropic and homogeneous medium, the Laplace equation is simplified as
Thus, solution to Eq. (4) is simply a function of the space coordinates and the boundary conditions. This equation also describes the field about a magnet, the displacement of a rubber membrane, and the thermal field in a conducting medium, for steady state conditions. Similar analogies exist between transient flow problems and electrical flow but will not be discussed in this paper.
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There are different types of Teledeltos available, each with different characteristics. The type normally used for analog simulation is made by adding carbon black to the paper-pulp during the paper-manufacturing stage and has no aluminum lacquer backing. The paper is relatively insensitive to changes in temperature. However, it has an inherent electrical anisotropy on the order of 10%, i.e., the longitudinal resistance of a roll of this paper is generally 90% of the transverse resistance. The paper may be easily damaged by probes used to measure the potential, can absorb moisture, and is easily 6 affected by bending or the formation of wrinkles [14] . In the present studies, we have used Teledeltos paper for studying steady-state flow in rock fractures.
Flow Through Rock Fractures:
The physical model for flow through rock fractures is the viscous flow through parallel and smooth-walled plates, usually termed the "parallel plate"
model [ 15] . However, rock fractures are not smooth faced and they make contacts at a finite number of points which vary in size, geometry, number, and distribution, depending upon the stress regime and the type of rock mineral and weathering. No rigorous theory exists to take into account the presence of these, contact areas which tend to obstruct and decrease the flow rate.
Numerical methods such as finite-element or integrated finite-difference may be used to get an idea of the influence of contact area on the flow rate [ 16] .
However, similar solutions can be obtained by electrical analog techniques which are comparatively cheap and fast. Statistical models are also being developed [17] [18] to characterize the macro-roughness of the surfaces as well as the contact asperities. Laboratory studies on flow through fractured specimens of rock have been performed by several investigators [16, 19, 20] but only limited data are currently available to check the validity of numerical and statistical models.
Very few examples of use of electrical analogy to solve problems of water flow through rock fractures exist [21] [22] . The following sections of this paper discuss the use of electrical analogs for a qualitative study of certain aspects of hydraulic flow in rock fractures. TWo problems are investigated, 
• of the scai.e.' The searching 'probe~ •or stylus, was ~;m~os~d of' an insulated ).. n... "..
pencil-lik~. brass rod .and wa~ used to locate points of, the req~i·r~~· Pot~ntial In experiments whe-re the potential had to be measured at a point. within the electrode boundaries, the probe was made to lightly contac.t the paper; in that position, the null indicator was ,operated until the needle pointed to
zero. The micrometer reading gave the .pe~centage of full potential at the location of the''probe. ..., the help of this multimeter, the resistance of the analog model between the electrodes was measured to ±1 ~~ accuracy. To measure the total resistance of the model the power supply was disconnected and the multimeter used to measure the resistance directly.
Effect of Contact Area on Flow Rate
The first step in investigating the effect of contact area on flow
through a fracture was to analyze the potential distribution and resistance of a circular strip with a central hole. As shown in Figure 1 , the inner electrode serves as the anode and the outer electrode as the cathode, thus duplieating divergent radial flow. This model is an analog of hydraulic flow from a borehole into a planar fracture (divergent flow mode). If we assume the contact area to be zero, i.e., the fracture planes do not make any contact, then the equipotential lines are clearly concentric circles. For this condition, the radial distance from the center, r, at which the potential is p, expressed as a fraction of the total potential, may be given as [23] 
where R 0 is the outer radius and Ri is the radius of the borehole. In the experimental setup, R 0 is 11.3 em and Ri is 1.0 em.
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To check the electrical homogeneity of the conducting paper, the patential was measured at different radial distances at intervals of 1 em. Table 2 gives the measured values along two orthogonal diameters. OA and OC form one diameter; OB and OD form the perpendicular diameter (see Fig. 4 ). The table includes the theoretical values for comparison. The maximum error occurs close to the outer periphery, and the average error is on the order of 10%.
The theoretical distribution of potential along a radius is shown by Curve on Figure 3 . As shown on the figure, the measured points lie close to the theoretical line. The above expression is sufficiently accurate if the contact areas are randomly distributed throughout the zone of radial divergent flow.
*If the voltage were constant, then the reciprocal of the resistance is proportional to the flow rate. The number assigned to each rectangle shows the sequence in which they were cut. After each hole was cut, the resistance of the analog was measured and the current in amperes computed.
The experimental data are summarized in Table 4 and the flow rates plotted on Figure 5 (square symbols). The data points do not fall on the line depicted by Eq. (6), but with the exception of the point for Ac/~ = 31.34% the data from this series of tests also fall approximately along a straight line. The displacement of the Ac/"1\.T = 31.34% datum point from the trend of the other data may be explained by inspection of Figure 6 . This point was obtained from Test 6 (see Table 4 ) in which flow from the borehole was restricted to a narrow channel along line OA. ..... It may be argued that the analog shown on Figure 6 is not representative of contact points in a natural fracture. However, the authors have observed in laboratory experiments on large sized samples· (typically 0.76 m diam.) containing a natural fracture, that flow was not uniformly distributed over the surface area of the fracture but was concentrated in a narrow flow path and emerged as a jet from the periphery of the specimen. This could happen, for example, if the fracture is weathered and contains erosion channels.
The potential along line OA for Test 6 of Series 2 (Ac = 31.34%) is included in Figure 3 as Curve 2. In contrast to Curve 1 the case of zero contact area, Curve 2 suggests that most of the potential drop takes place somewhere in the zone between contact areas 2 and 9 (see Fig. 6 ).
The above studies indicate that in field pumping tests in natural fractures, actual water pressure distribution is strongly controlled by the distribution and location of contact areas. 
Conclusions
The effectiveness of the electrical analog method as an economical research tool to study certain aspects of hydaulic flow through rock discontinuities has been demonstrated. The effect of contact area: on flow rate has been studied using this technique. The analysis has shown that in the case of radial flow, the location of contact zones in addition to the total contact area, influences the flow rate. By a simple experiment, we have shown that it is possible to underestimate the flow rate in a fracture when injection tests are conducted in boreholes where the fracture close to the borehole is partially plugged by loose rock particles or other debris.
